Abstract. Thermospheric mass densities from the GOCE (Gravity field and steady-state Ocean Circulation Explorer) satellite for Sun-synchronous orbits between 83.5 • S and 83.5 • N, normalized to 270 km during 2009-2013, have been used to develop an empirical mass density model at dawn/dusk local solar time (LST) sectors based on the empirical orthogonal function (EOF) method. The main results of this study are that (1) the dawn densities peak in the polar regions, but the dusk densities maximize in the equatorial regions; (2) the relative seasonal variations to the annual mean have similar patterns across all latitudes regardless of solar activity conditions; (3) the seasonal density variations show obvious hemispheric asymmetry, with large amplitudes in the Southern Hemisphere; (4) both amplitude and phase of the seasonal variations have strong latitudinal and solar activity dependences, with high amplitude for the annual variation at higher latitudes and semiannual variation at lower latitudes; (5) the annual asymmetry and effect of the Sun-Earth distance vary with latitude and solar activity.
Introduction
Paetzold and Zschörner (1961) first reported the seasonal variations of thermospheric mass density through analysis of the drag data from several satellites. They found that the density variation has a 6-month periodicity, with maximum occurring in April/October and minimum occurring in January/July. Jacchia (1966 Jacchia ( , 1971 represented the seasonal variations of thermospheirc mass density through temperature functions, with amplitude as a function of height. Since then, the seasonal variations, particularly the annual and semiannual oscillations in the thermospheric mass density, have been widely studied and considered in the empirical models (Volland et al., 1973; Hedin et al., 1983 Hedin et al., , 1987 Fuller-Rowell et al., 1998; Picone et al., 2002; Bowman, 2004; Bowman et al., 2008a, b) .
In the past decade, studies have been conducted to further examine the seasonal variations of thermospheric mass density. For instance, Guo et al. (2008) investigated the seasonal variations by using the Challenging Minisatellite Payload (CHAMP) accelerometer-derived density estimates normalized to 400 km, and they found that both the amplitude and phase of seasonal variations have significant latitudinal dependence and hemispheric asymmetry. Qian et al. (2009) examined the seasonal variations of thermospheric mass density and compositions associated with the eddy diffusion process from the lower thermosphere by using the Thermosphere Ionosphere Electrodynamic General Circulation Model (TIEGCM). Lei et al. (2012 Lei et al. ( , 2013 comprehensively studied the seasonal density variations at 400 km by using the empirical orthogonal function (EOF) method and measurements from CHAMP and GRACE satellites during [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] , and also discussed the Sun-Earth distance effect on the annual asymmetry through observations and simulations. Moreover, Liu et al. (2013) constructed an empirical model based on the CHAMP density estimates, and then discussed the solar dependence of the equinoctial asymmetry. Wang et al. (2014) investigated the seasonal variations of globally averaged thermospheric mass density at 400 km during 1996-2006 using an artificial neural network (ANN), and concluded that there exist strong linear relations between the annual/semiannual amplitudes and the solar activity. Emmert (2015) reviewed the studies of the thermosphere between 2000 and 2014, summarized several possible mechanisms to explain the seasonal variations, and demonstrated that further investigations are required to understand the seasonal variations of the thermosphere. Recently, Calabia et al. (2016) investigated the thermospheric mass density variations from GRACE data for the period 2003-2016 by using the principal component analysis (PCA) method, and discussed the annual variation for different local solar times (LSTs) and solar activities. Moreover, Salinas et al. (2016) found that the monthly global-mean CO 2 profiles from TIMED/SABER have annual and semiannual oscillations (AO and SAO), but cannot explain the observed AO and SAO in the thermosphere. However, Jones et al. (2017) reported that simulations from the Thermosphere Ionosphere Mesosphere Electrodynamics General Circulation Model (TIMEGCM) demonstrated that the intra-annually varying eddy diffusion by the breaking gravity waves may not be the primary driver of the SAO in the thermosphere. Additionally, Mehta et al. (2017) expanded the EOF approach to three dimensions for the MSISE00 model, and provided global pictures of the seasonal density variations with a small number of modes and parameters.
Generally, most of the above observational studies focus on the CHAMP and GRACE data. The density estimates from these two satellites vary with the LST, height and also seasonal variations, besides solar and geomagnetic activity effects. However, delineating these variations is not always easy or possible. In this paper, we develop an empirical model and then study the seasonal variations of thermospheric mass density on the basis of GOCE (Gravity field and steady-state Ocean Circulation Explorer) retrieval data. The GOCE densities are different with the CHAMP and GRACE data, since the GOCE satellite provided the density only at the dawn/dusk LST sectors and at around 270 km. In other words, this Sun-synchronous satellite gave the observations at nearly constant dawn and dusk LST. Thus, the seasonal and solar activity variations in the GOCE data are not mixed with the LST. Additionally, the GOCE data at the lower altitude could increase our understanding of the seasonal variations of the lower thermosphere. In this study, we examine the seasonal variations of thermospheric mass density by our GOCE model, and further discuss the annual asymmetry and the effect of the Sun-Earth distance under different solar activity conditions. 2 Data analysis and methodology
GOCE density data
The GOCE satellite was launched on 17 March 2009 in near-circular and almost Sun-synchronous orbits, and could provide the thermospheric mass density in geographic latitude coverage from 83.5 • S to 83.5 • N (Doornbos et al., 2013) . The LST positions of GOCE orbits were around dawn (06:15-07:10 LST) and dusk (18:15-19:10 LST) during satellite operations, and provided complete altitude between 275 and 230 km. Unlike the CHAMP and GRACE satellites, the GOCE satellite maintained its lower altitude through an ion propulsion array with variable thrust, and the mass density estimates were derived from the along-track acceleration through the drag (Doornbos et al., 2013) . The observations covered the time period from 1 November 2009 through 20 October 2013, with a sampling rate of 10 s, which corresponded to a spatial resolution in the along-track direction of about 75 km. The retrieved GOCE mass densities are made available by the European Space Agency (https://earth.esa.int/web/guest/missions/ esa-operational-missions/goce/goce-thermospheric-data). Figure 1 displays the daily values of the solar flux index, GOCE altitude and thermospheric mass density normalized to 270 km. Figure 1a shows that the solar proxy F10.7P increases from ∼ 70 to ∼ 160 sfu with strong solar rotations (i.e., ∼ 27 days). Here, the solar F10.7P index is defined as F10.7P = (F10.7 + F10.7A) / 2, where F10.7 is the daily solar flux proxy on the previous day and F10.7A is its 81-day average. In Fig. 1b , the daily mean height was about 270 km from November 2009 through July 2012, whereas it declined to a lower altitude after August 2012, and went ultimately down to about 240 km in May 2013.
To minimize the effect of different orbital altitudes, GOCE density estimates have been normalized to the constant altitude of 270 km by using the MSISE00 model according to the following equation:
where the subscript "M" stands for the MSISE00 model, and z is the GOCE satellite altitude. However, the estimated error incurred by this normalization would be small (Bruinsma et al., 2006) . As we know, the MSISE00 is an empirical model maintained by the Naval Research Laboratory, and it computes total mass density as the sum of the main thermospheric compositions under the hypothesis of independent static diffuse equilibrium (Picone et al., 2002) . Additionally, the main input parameters of this empirical model are time, location, daily F10.7, F10.7A and the 3-hourly geomagnetic index Ap array.
As shown in Fig. 1c , daily thermospheric mass densities normalized to 270 km at dusk LST are slightly greater than those at dawn LST, and their oscillations with the period of ∼ 27 days are consistent with the variations of solar flux in Fig. 1a. An interesting feature in Fig. 1c is that the GOCE densities in year 2012 have two peaks near equinoxes, with a primary minimum around the June-July months, although the solar activity does not undergo significant changes during this period. Further analysis of this feature will be given in the following sections.
GOCE density model
Daily GOCE density estimates normalized to 270 km altitude have decomposed the eigenvalues and eigenvectors using the following EOF analysis at the dawn and dusk LST sectors, respectively (Matsuo et al., 2002) :
where EOF k (φ) is the kth EOF base function that changes with geographic latitude φ for each grid point at the center of the 5 • latitudinal bin between 83.5 • S and 83.5 • N, which can represent the latitudinal distribution of the GOCE density. Moreover, α k (t) is the associated coefficient that varies as a function of day of year t, and m and ε represent the number of EOFs and the mean error. In Eq. (2), α 1 × EOF 1 denotes the mean field, while α k × EOF k represents the kth EOF. After calculation, the first three EOFs at dawn LST take up 99.14, 0.80 and 0.03 % of the total variability, while they are 99.38, 0.50 and 0.06 % at dusk LST. These results indicate that the EOF method can capture most of the observable features with only three orders. The first three orders of EOF base functions as well as the associated coefficients at the dawn and dusk LST sectors are shown in Fig. 2 . Additionally, the first three EOFs at the dawn and dusk sectors are parameterized using the following analytical function for each LST sector:
where ψ = sin(φπ/180), and the geographic latitude φ is in unit of degree. The obtained coefficients in Eq. (3) are shown in Table 1 , and the fitting EOF k are also displayed in Fig. 2 . As seen in Fig. 2a , the EOF 1 component means that the dawn densities peak in the polar regions, but the largest peaks in the dusk densities appear to be in the equatorial regions. The associated coefficients (Fig. 2d) illustrate the dominant solar effects, and the values are visibly greater than the second and third components. The EOF 2 (Fig. 2b ) mainly displays opposite patterns between the Northern Hemisphere and Southern Hemisphere, which are attributed to the annual variation of thermospheric mass density, and the associated coefficient (Fig. 2e) confirms the annual variation. Moreover, the EOF 3 base functions and coefficients ( Fig. 2c and f) contain the semiannual variations. Notably, the amplitudes of the first three EOF coefficients gradually increase from 2009 to 2013, which is consistent with the trend of solar flux F10.7P in Fig. 1a .
In this study, we discuss the seasonal variations of thermospheric mass density under the fixed solar and geomagnetic activity conditions, so the first three EOF coefficients in Fig. 2d-f are parameterized using the following function at each LST sector:
where F10.7P is the solar activity proxy at the Sun-Earth distance on the previous day, and Ap is the daily mean geomagnetic index. Additionally, Eq. (4) contains the seasonal variations associated with the annual/semiannual components. The coefficients in Eq. (4) are obtained from the linear regression of α k (t) in Eq. (2). Meanwhile, the coefficients in Eq. (4) at the dawn and dusk LST sectors are given in Table 2 . Finally, we combine Eqs. (2)-(4) to develop a GOCE density model. Figure 3 shows the daily density estimates at dawn LST, similar results for the dusk side, and the calculated values from our GOCE model and the MSISE00 model at 60 • S, 0 • , and 60 • N, respectively. As expected, densities from our GOCE model are in good agreement with the observations. However, densities predicted from the MSIS00 model are greater than the GOCE observations, consistent with the results of Zhang et al. (2014) and Bruinsma et al. (2014 Bruinsma et al. ( , 2015 Bruinsma et al. ( , 2017 . The mean ratios between the results of our GOCE and MSISE00 models and the observations are 1.012 and 1.334, with standard deviations of about 0.101 and 0.176, respectively. These results indicated that our GOCE model can reproduce the retrieved density better than the MSISE00 model. Moreover, as demonstrated in the green box in Fig. 3 , our GOCE model can provide mass density predictions when the GOCE observations were not available.
Results and discussion
In this section, we examine the seasonal variations of thermospheric mass density at dawn and dusk LST given by our GOCE model under different solar activity conditions. In our analysis, the Ap index is set to zero to minimize the effect of geomagnetic activity on the calculated density. In the following, densities from our GOCE model are hereafter referred to as the GOCE observations, and densities from the MSISE00 model are also included for the comparison. The daily solar proxy F10.7, F10.7A and Ap are used in these two empirical models.
As seen in Fig. 1a and c, the absolute GOCE density estimates generally increase with the increasing solar activity, and this is expected since the thermosphere is heated by the solar radiation and then expands to higher altitudes. Therefore, it is more appropriate to study the relative changes of thermospheric mass density to its annual mean in each geographic latitude bin. As shown in Fig. 4 , the relative seasonal variations at the dawn and dusk LST sectors are similar under different solar activity conditions. The magnitudes of GOCE relative seasonal variations are smaller than those at dawn and dusk LST in Lei et al. (2012) , who studied the thermospheric mass density at 400 km from the CHAMP and GRACE satellites, a higher altitude than the mean altitude of 270 km of the GOCE satellite. It suggests that the total mass density or the main constituents would play important roles in the different magnitudes of relative seasonal variations at different altitudes. Moreover, the relative seasonal variations show obvious hemispheric asymmetry, with larger values in the Southern Hemisphere than those in the Northern Hemisphere. In general, the mean amplitudes, i.e., the difference of maximum and minimum values, are about 65 and 45 % for the Southern Hemisphere and Northern Hemisphere, and this is presumably associated with the annual asymmetry as discussed later. Additionally, the largest negatively relative seasonal variations at dawn and dusk LST all appear in the southern polar regions around July. In the northern polar regions, there are two maxima peaks separated by a relative minimum around July, and the first maximum is greater than the second one. Moreover, only one maxima peak exists in the southern polar regions around December. Meanwhile, Figs. 6 and 13 in Calabia et al. (2016) also show that two maxima peaks are depicted in June in the Northern Hemisphere, but only one in December in the Southern Hemisphere. However, the underlying physical processes for this feature need further investigation. It should be noted that the seasonal densities from the MSISE00 model are generally in agreement with the GOCE observations in spite of some discrepancies in the detail features, and the results are similar to Fig. 5 in Lei et al. (2012) . Thus, the results of the MSISE00 model are not shown in this paper. Figure 5 provides a quantitative comparison for the annual and semiannual components between the GOCE observations and the MSISE00 results at dawn LST under different solar activity conditions, and the amplitude and phase are calculated from Eq. (4). However, we only present the comparison at dawn LST in our study since the results are generally similar at dusk LST. In Fig. 5a , the GOCE annual variation is the dominant component at high latitudes of each hemisphere, particularly in the southern pole. In other words, GOCE annual amplitude has a hemispheric asymmetry, with much larger values in the Southern Hemisphere than that in the Northern Hemisphere. The GOCE annual amplitude decreases gradually from 82.5 • S to about 35 • N, and it increases with the solar activity. However, the annual amplitude increasing from 35 to 82.5 • N exhibits an anticorrelation with the solar activity. Meanwhile, the GOCE semiannual variation becomes the stronger component at the lower latitudes, and it decreases with the solar activity. Notably, the variations of annual/semiannual amplitudes are generally larger from 80 to 120 sfu than that from 120 to 160 sfu. Comparatively, the MSISE00 results in Fig. 5b share similar latitudinal trends to the GOCE observations for both annual and semiannual amplitudes, but the annual component shows an opposite solar dependence. Nevertheless, the underlying physical processes for the solar activity dependence require further investigation.
The GOCE phase in Fig. 5c demonstrates that the annual variation usually peaks around local summer months and the semiannual variation has the maximum value at the equinoxes, with slight solar dependences. As shown in Fig. 5d , the phases of annual and semiannual components from the MSISE00 model are quite similar to those from GOCE observations, but without obvious solar dependences. However, our results in Fig. 5 are generally in agreement with the results of Fig. 6 in Lei et al. (2012) .
The annual asymmetry of thermospheric density, larger in December solstice than that in June solstice, can be clearly seen in Figs. 4 and 5. It is defined as R = ρ Dec (ϕ)/ρ Jun (ϕ), with subscripts "Dec" and "Jun" denoting the December and June solstices, where ρ(ϕ) = (ρ(ϕ) + ρ(−ϕ))/2 represents the mean of Northern and Southern Hemisphere values at a given latitude. In Eq. (4), the solar flux at 1 AU would be multiplied by a factor obtained from the formula 1.00011 + 0.00128 sin θ + 0.034221 cos θ + 0.00007 sin 2θ + 0.000719 cos 2θ , where θ is equal to 2π t/365, accounting for the Earth's orbital eccentricity effect on the Sun-Earth distance (see Lei et al., 2013) .
As seen in Fig. 6a , thermospheric annual asymmetry at dawn LST has significant latitudinal dependence, especially for the low solar activity, and it is greater at the middle latitudes, with similar results for the dusk side. After calculation, the mean annual asymmetry R values are 1.04, 1.17 and 1.21 for F10.7P = 80, 120 and 160 sfu at the Sun-Earth distance, but they become 1.17, 1.28 and 1.32 for the same solar activities at 1 AU. These results illustrate that the thermospheric annual asymmetry should be associated with the varying Sun-Earth distance. Actually, previous studies suggested that the difference of solar radiation associated with the difference of Sun-Earth distance between June and December would contribute to the annual asymmetry (Qian et al., 2012; Lei et al., 2013 Lei et al., , 2016 Emmert, 2015; Calabia et al., 2016) . Moreover, Fig. 6a also suggests that the SunEarth distance should be one of the most probable factors for the annual asymmetry, but the contributions from other processes need to be addressed in the future.
The contribution of the Sun-Earth distance is defined as (R 2 − R 1 )/(R 2 − 1), where R 1 is the thermospheric annual asymmetry for solar flux at the Sun-Earth distance (solid lines in Fig. 6a ), and R 2 is the value for the solar flux at 1 AU (dash lines in Fig. 6a ). Figure 6b shows the contributions under different solar activity conditions. Clearly, the Sun-Earth distance effect also depends on the latitude and solar activity. Our calculation revealed that the Sun-Earth distance effect can explain about 76 % of the December-to-June difference in the GOCE observations for F10.7P = 80 sfu, but the contribution is only 34 % for F10.7P = 160 sfu. Figure 7a shows that the latitudinal mean R at the dawn and dusk LST sectors from GOCE observations has a positive nonlinear dependence with the solar activity. The R values are slightly larger at dusk LST for the low solar activity but slightly greater at dawn LST for the high solar activity. In Fig. 7b , the calculated contribution of the Sun-Earth distance effect is remarkably similar at the dawn and dusk LST sectors, being anticorrelated with the solar activity. More- over, the variations of annual asymmetry and the contribution of the Sun-Earth distance from low to medium solar activities are greater than that from medium to high solar activities. This might be associated with the strongly nonlinear response of thermospheric mass density to the solar activity, with linear, saturated or magnified relations (Emmert et al., 2010; Niu et al., 2014) . Moreover, the result in Fig. 7b shows that the Sun-Earth distance effect has less contribution to the annual asymmetry under the high solar activity conditions. However, long-term thermospheric observations are desired to further investigate this aspect.
Summary
In this paper, thermospheric mass densities from the GOCE satellite between 83.5 • S and 83.5 • N, normalized to 270 km during the period of 2009-2013, are used to study their seasonal variations at the dawn and dusk LST sectors, since this satellite mission is ideal for investigating the variations because of the lack of LST variations due to the Sunsynchronous nature of its orbit. A GOCE density model at 270 km has been constructed by using the EOF method at dawn and dusk LST, and it has been used to minimize the effects of solar and geomagnetic activities on the GOCE measurements. As a result, our GOCE model can well describe the variations of thermospheric mass density with latitude, season, and solar and geomagnetic activities.
The results in EOFs show that the dawn densities peak in the polar regions but the dusk densities maximize in the equatorial regions. Seasonal variations from GOCE observations can be seen from pole to pole, with similar patterns under different solar activity conditions. The relative seasonal variations show remarkable hemispheric asymmetry, and the mean amplitudes of the difference of maximum and minimum values are 65 and 45 % for the Southern Hemisphere and Northern Hemisphere, respectively. The thermospheric annual variation is dominant at high latitudes, especially in the Southern Hemisphere, whereas the semiannual variation tends to be the stronger component at the lower latitudes. Moreover, the GOCE amplitudes and phases of the annual/semiannual variations have significant latitudinal and solar dependences.
New findings on the annual asymmetry have revealed an interesting latitudinal dependence under the low solar activity conditions, with an asymmetric increase at middle latitudes. The annual asymmetry has a positive correlation with solar activity, but the contribution of the Sun-Earth distance is anticorrelated with solar activity, and this unexpected relationship needs to be further investigated. Finally, the variations of the annual asymmetry and the contribution of the Sun-Earth distance effect depend on solar activities, and the Sun-Earth distance has less contribution under the high solar activity condition.
